Delaminations in composite laminates resulting from impact events may be accompanied by minimal indication of damage at the surface. As such, inspection techniques are required to ensure defects are within allowable limits. Conventional ultrasonic scanning techniques have been shown to effectively characterize the size and depth of delaminations but require physical contact with the structure. Alternatively, a noncontact scanning laser vibrometer may be used to measure guided wave propagation in the laminate structure. A local Fourier domain analysis method is presented for processing guided wavefield data to estimate spatially-dependent wavenumber values, which can be used to determine delamination depth. The technique is applied to simulated wavefields and results are analyzed to determine limitations of the technique with regards to determining defect size and depth. Finally, experimental wavefield data obtained in quasi-isotropic carbon fiber reinforced polymer (CFRP) laminates with impact damage is analyzed and wavenumber is measured to an accuracy of 8.5% in the region of shallow delaminations.
INTRODUCTION
The use of composites in commercial airframes is dramatically increasing. With the increased use of composites, different forms of damage are expected to occur throughout the life of the vehicle. Of particular concern is impact damage caused by hail, tool drops, or collision with ground service vehicles. Inspection standards typically rely on visual inspection for damage detection and subsequent ultrasonic characterization. Structural health monitoring aims to improve damage detection through automated interrogation of the structure. Application of guided waves towards damage detection, localization, and measurement is an active research area. Structural health monitoring systems commonly utilize permanently bonded piezoelectric transducers to transmit and receive guided waves and analyze the received signals using a variety of algorithms to detect, localize, and characterize damage. However, the fidelity of characterization is limited when compared to conventional ultrasonic inspection techniques where damage sizing can be accomplished to better than 1 mm resolution [1] . In addition, conventional scanning systems require significant operator skill and setup time [2] . Researchers have recently been investigating non-contact guided wavefield imaging methods utilizing air-coupled and laser Doppler vibrometer based measurements in combination with permanently attached piezoelectric sensors as an alternative to traditional contact or scanned ultrasonic methods [3, 4] . Such methods are able to interrogate a region of the structure and generate a large amount of data containing quantitative damage information. In order to process the large datasets produced by these techniques, data analysis methods have been developed that provide information related to presence of damage through incident wave removal [5] , standing wave filtering [6] , frequency-wavenumber analysis [7] , spatial spectrograms [8] , and multi-dimensional continuous wavelet transforms [9] . This paper presents a windowed Fourier transform-based analysis of wavefield data that provides a measurement of principal wavenumber at each measurement location. The method is applied to both simulation data and to experimentally obtained guided wavefields that contain interactions with delaminations in composite laminates.
WAVEFIELD ANALYSIS METHOD

Mode filtering
In general, ultrasonic transducers will generate multiple propagating guided wave modes in plate like structures. The wavenumber spectra of the wavefield will therefore contain peaks corresponding to the various modes. In order to reduce the effects of any modes other than the mode of interest, the entire wavefield can be filtered in the wavenumber domain [10] . This is accomplished by applying a three-dimensional filter to the wavefield that passes the interrogating mode and rejects all others within the frequency bandwidth of the excitation signal. Such a process is shown in Eq. 1:
(1)
where U(k x ,k y ,ω) is the three-dimensional Fourier transform of the wavefield u(x,y,t). In this work, the filter W k (k x ,k y ,ω) is an axisymmetric ideal band-pass filter centered about the nominal wavenumber of the mode of interest and defined by low and high wavenumber cutoffs k 1 and k 2 , respectively as shown below.
(2)
where the wavenumber vector k is
The filtered wavefield is then transformed back into the spatio-temporal domain via the inverse three-dimensional Fourier transform
to provide the filtered wavefield ũ(x,y,t).
Spatial windowing
With the wavefield containing only a single mode, a grid of m by n measurement locations corresponding to x = x m and y = y n are defined. The filtered dataset is then multiplied by a spatial window to produce the windowed dataset ũ mn (5) where in this work the window w xy is a axisymmetric Hann window of diameter D
and r is defined as distance from the measurement location.
(7)
Principal wavenumber calculation Next, it is assumed that within the windowed dataset, the guided waves propagate with a single wavenumber. To measure the wavenumber within the region, the wavenumber spectrum is analyzed. This is performed by applying the three dimensional Fourier transform to the windowed dataset and selecting the two-dimensional wavenumber spectrum at the center frequency of the excitation signal, ω 0 . The wavenumber spectrum for each measurement is processed as follows. The principal wavenumber, k mn , at location x = x m and y = y n and excitation angular frequency ω = ω 0 is calculated via a weighted sum over the entire wavenumber range as described in Eq. 8.
(8)
NUMERICAL AND EXPERIMENTAL METHODS
Diffusion Disbond Simulation
Finite element simulations were performed using COMSOL to study the local Fourier analysis described above. The simulation includes a 100 by 50 by 2 mm thick 6061 alloy aluminum plate with a cylindrical void located within the plate to simulate a diffusion disbond as shown in Figure 1 . The void is 20 mm in diameter and 50 microns thick. A 9.6 mm diameter, 0.8 mm thick piezoelectric disk is also included to act as a source of guided waves. The piezoelectric disk is excited by a 100 V pp , 200 kHz, fivecycle Hann windowed sinusoidal voltage boundary condition applied to the planar surfaces of the disc. The simulation was performed using a fixed time step solver with 250 ns time step and 0.2 mm maximum quadratic element size in order to satisfy suggested temporal and spatial steps as outlined in [11] and [12] .
Simulation geometry (left) and calculated wavefield (right) interacting with a 20 mm diameter diffusion disbond located 0.2 mm below the plate surface. The dashed line indicates the edge of the disbond. Low amplitude S0 and higher amplitude A0 modes are present in the wavefield and undergo multiple transits within the region above the disbond. Wavenumber of the A0 mode is shown to increase dramatically in the presence of the disbond.
Carbon Fiber Reinforced Polymer Laminate
The experimental sample is a 3.2 mm thick, 26-ply carbon fiber reinforced polymer (CFRP) laminate plate with layup [(0/+45/-45/90) 3 0] S . Delaminations were created in the plate through quasi-static indentation and then grown through repeated indentation. This technique is commonly used to grow delaminations in composite materials in a controlled manner. Figure 2 shows immersion time of flight C-scans of the damage in the initial and grown states obtained with a 20 MHz, 2-inch focal length focused transducer. Initial damage is approximately 21 mm in diameter and was grown to approximately 50 mm in diameter. Many delaminations are present at various ply interfaces as indicated by the labels. Wavefield data was recorded in the CFRP coupon after damage was created and then again after growing the delaminations. The response at a Cartesian grid of coordinates was measured using a Polytec OFV-505 laser Doppler vibrometer attached to a two axis scanning system. The grid measures 128 by 63 mm with 0.5 mm spacing. For both damage states, a Panametrics V103 transducer was coupled to the plate with gel couplant and a 100 V pp chirp with bandwidth 20kHz to 1.12 MHz was applied to the transducer. The measured signals were then filtered following the procedure outlined in [13] to produce the response due to a five-cycle 500 kHz Hann windowed sinusoid. Snapshots of the wavefields with initial and grown damage are shown in Figures 3 and 4 . Multiple guided wave modes and significant scattering from the plate edges and delaminations are apparent. In addition, change in wavelength is clearly evident within the grown damaged region at t = 30 µs. 
RESULTS
Simulation
The principal wavenumber was calculated for the simulated wavefields. Figure 5 shows theoretical and measured wavenumber versus disbond depth and also versus location for a 0.2 mm depth disbond. There is good agreement with solutions of the antisymmetric Rayleigh-Lamb equation (dashed line) when disbond depth is less than 0.6 mm where theoretical wavenumber is 192 m -1 and measured wavenumber is 194 m -1 , or 1.3% error. At this depth, wavelength is approximately 5mm, or half the window size. As disbond depth increases, wavelength will increase, resulting in fewer wavelengths within the spatial window leading to increased error, as evident in the figure. This is consistent with results of one-dimensional tone analysis using the short time Fourier transform where it was found that window size should be greater than two periods for accurate measurements [14, 15] . 
Experiment
Experimentally measured wavefields were processed using the local Fourier analysis method outlined above. In order to determine window size, the software package DISPERSE v2.0.16i [16] was used to calculate theoretical wavenumber for a number of ply "stackups" corresponding to laminate regions above delaminations at the 4-5, 6-7, 7-8, 17-18 ply interfaces and for the pristine 26 ply plate. Material properties used to perform the calculations are obtained from the literature and are presented in Table 1 [17, 18] . The expected range of wavenumber within the coupon is determined from the two extreme cases: 1) the full 26-ply plate and 2) the top four plies [0/+45/-45/90] corresponding to the region above the delaminations at the 4-5 ply interface. At frequency equal to 500kHz, calculated wavenumber ranges from 324 to 477 m -1 . Based on this, the pass band of the mode isolation filter was determined to be 250 to 590 m -1 . Given that the longest wavelength in the filtered wavefields is 4 mm, window size was determined to be 8 mm in order ensure multiple wavelengths are contained within the windowed wavefields. Figure 6 shows the measured wavenumber versus location for the initial and grown damage cases using the 8 mm window. Black lines indicate delamination edges from the immersion C-scans. Variation in measured wavenumber is present in the pristine areas of the plate with an average measurement equal to 320 m -1 . This variation can be attributed to the windowing process as even with multiple wavelengths within the window, small variations due to the windowing process occur. Measured wavenumber is 340 m -1 in the region above delaminations between plies 4 and 5 (4-5 ply interface). This is only a slight increase over wavenumber measured in the pristine plate and corresponds to a rather large error of -25.6% from the theoretical 457 m -1 .
In contrast, the measured wavenumber within the grown damage agrees much better with theoretical predictions. In the region above the 4-5 ply delaminations, average measured wavenumber is 418 m -1 , an -8.5% error relative to theoretical prediction and a marked improvement over the initial damage measurement. Table 2 presents wavenumber and percent error measured in the regions of selected delaminations. Theoretical wavenumber is given as a range due to the directional dependence resulting from anisotropic material properties of the laminate. Maximum percent error is -12.6% for the 17-18 ply interface delamination. Within this region, measured wavenumber is actually lower than that measured in the undamaged region. As expected, as delamination depth increases, the change in wavenumber dramatically decreases. This implies the current analysis method may only be applicable for shallow delamination depths. 
SUMMARY AND CONCLUSIONS
We have presented a new wavefield analysis method capable of characterizing delaminations in composite laminates through local wavenumber measurements. The process was applied to both simulated and experimentally measured wavefields. Based on the simulation results, it is evident that the size of the region used to make the local measurement influences accuracy. It has been shown that similarly to previous onedimensional windowed Fourier analysis, the window size should contain multiple wave periods in order to reduce error.
The experimental measurements show good agreement with theory provided that the size of geometric features is larger than the window size. The method was unable to effectively measure wavenumber within damage that is a fraction of the window size. While the method is limited in capability for small damage, it has been shown to be effective in application to larger sized damage. Future work will investigate methods to reduce window size while maintaining wavenumber resolution and incorporate directionality into the measurement. Overall, the presented analysis of two dimensional wavefield data provides quantitative measurements of the wavenumber irrespective of propagation direction. The method has been shown to be effective in characterizing near surface delaminations in composite laminates.
